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Abstract 

HL-2M
[1]

 is a tokamak device that is under construction. Based on the magnetic coils design of

HL-2M, four kinds of divertor configurations are calculated by CORSICA code
[2] 

with the same

main plasma parameters, which are standard divertor, exact snowflake divertor, snowflake-plus 

divertor and snowflake-minus divertor configurations. The potential properties of these divertors 

are analyzed and presented in this paper: low poloidal field area around X-point, connection 

length from outside mid-plane to the primary X-point, target plate design and magnetic field shear. 

The results show that the snowflake configurations not only can reduce the heat load at divertor 

target plates, but also may improve the magneto-hydrodynamic stability by stronger magnetic 

shear at the edge. A new divertor configuration, named “tripod divertor”, is designed by adjusting 

the positions of the two X-points according to plasma parameters and magnetic coils current of 

HL-2M. 
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1  Introduction 

Handling the high power and particle exhaust in fusion reactors based on standard divertor 

technologies is a challenging problem
[3-5]

. For DEMO study, the fusion power is about 5 times

larger than that of ITER
[6]

, but the tolerable heat load on the divertor is below 10MW/m
2
 which is

one of the design targets for DEMO steady-state operation. How to handle such large exhaust 

power in SOL/divertor regions is one of the key issues in validating the design of DEMO
[7]

. For

standard divertor, a high fraction of the heating power has to be radiated in the core or SOL region 

to make the peak heat load under 10MW/m
2
. But the impurity seeded at the boundary will be

partly transported into the core plasma zone, and cause the core energy confinement to decline. 

This, in turn, will make it difficult to attain high normalized plasma beta which is needed for the 

commercial fusion reactor operation with high fusion power density
[8]

. How to reduce the divertor

heat load by purely redesign of divertor magnetic field geometry has been considered, and a few 

promising divertor concepts are proposedOne of approaches to solution of this problem is based 

on employing novel magnetic field geometries, such as Cusp divertor
[9]

, X-divertor
[10]

, Super-X

divertor
[11]

 and snowflake divertor
[12]

. Cusp divertor and X-divertor considerably enhance the

divertor thermal capacity through a flaring of the field lines near the divertor target plates. 

Super-X divertor moves the divertor plates to the largest possible radius 𝑅𝑑𝑖𝑣 inside toroidal field
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(TF) coils to increase the plasma-wetted area and magnetic connection length from the plasma by 

largest 𝑅𝑑𝑖𝑣, and broaden the magnetic flux at largest 𝑅𝑑𝑖𝑣 to decrease the parallel heat flux and 

plasma temperature at divertor plate. The snowflake divertor creates the second order null of the 

poloidal magnetic field in the X-point zone, not a first order as in standard divertor, and the 

separatrix in the vicinity of the null point splits the poloidal plane into six sectors.  

 

HL-2M is a new medium-sized copper-conductor tokamak device being constructed to be put into 

operation in the near future
[1]

. It aims at the experiments to study the high performance plasma 

physics and engineering toward ITER and even a fusion reactor. In order to enhance the flexibility 

and controllability of experiments to achieve high plasma performance, HL-2M is designed with a 

demountable TF coils; poloidal field (PF) coils will be placed inside the TF coils. From 

engineering point of view, when PF coils get close to the core plasma, it will increase their 

feedback control ability for high plasma performance, such as larger elongation, higher plasma 

pressure, etc. Moreover, it will reduce the PF coils current to generate a second X-point. So it 

provides HL-2M with the ability to generate a few kinds types of advanced divertor configuration, 

such as exact snowflake divertor, snowflake-plus divertor, etc. These advanced divertor 

configurations can be explored in HL-2M experimental research project. The total design heating 

power of HL-2M will be 32MW, the heat load at target can be roughly compared by 𝑃 𝑅⁄ , where 

𝑃 is the heating power flows into SOL zone and 𝑅 is the major radius. 𝑃 𝑅⁄  is 18 MW/m for 

HL-2M, which is higher than that of ITER (16MW/m). This means HL-2M will face greater 

challenges than ITER for divertor design to reduce the peak heat load to less than 10MW/m
2
, or 

even lower value. From another perspective, HL-2M will have the ability to operate with high 

plasma quality and advanced divertor with 32MW heating power. This means HL-2M will be an 

excellent platform to test the engineering and physics issues related to fusion reactor, and will 

provide important data for China Fusion Engineering and Testing Reactor (CFETR) or even for 

DEMO advanced divertor design. 

 

Based on the PF coils design, a few of different divertor configurations are analyzed by CORSICA 

equilibrium code under the same key parameters. The figures of merit for these divertors are 

calculated and compared in this paper, which are the magnetic shears, the area of low poloidal 

magnetic field 𝐵p around X-point and the connection length from outer mid-plane to the primary 

X-point. The results of these properties may help us to improve our advanced divertor design in 

more detail. At last, a new divertor configuration called tripod divertor is investigated and 

presented. 

 

2 HL-2M snowflake divertor configurations 

 

The standard divertor designs have been carried out and optimized in Southwestern Institute of 

Physics (SWIP). According to the design parameters, plasma current is 𝐼𝑃 = 2.0𝑀𝐴, poloidal beta 

is 𝛽𝑝 = 0.6 and internal inductance is 𝑙𝑖 = 1.2. A standard divertor configuration is calculated 

using CORSICA equilibrium code with a free-boundary Grad-Shafranov solver. The configuration 

and positions of PF coils of HL-2M are shown in figure 1, where major radius 𝑅 = 1.78𝑚, minor 

radius 𝑎 = 0.62𝑚, plasma current 𝐼𝑃 = 2.0𝑀𝐴 and elongation 𝑘95 = 1.6. The plasma pressure 

and current profiles used for CORSICA calculation are shown in figure 2. The H-mode pressure 



edge pedestal and bootstrap current inside the separatrix in boundary zone estimated by HL-2M 

operation scenarios, which are included for equilibrium calculations. For the standard divertor 

configuration, the PF5/L and PF6/L coils are used as divertor coils to generate X-point and control 

the configuration. Because PF5/L and PF6/L coils are too close to generate two separate X-points, 

the standard divertor configuration typically has only one X-point of the poloidal field (𝐵p). In 

order to have a second order X-point nearby, it is better to have a PF coil between the two divertor 

coils, which helps to reduce the current of two divertor coils and enhance the control capability for 

the two X-points, especially the second X-point. So based on HL-2M PF coils design, we choose 

PF4/L and PF6/L as divertor coils to generate two separate X-points, and use PF5/L to adjust the 

position of the two X-points. When two X-points get close enough to achieve 𝐵p null being of 

second order, the configuration becomes of hexagonal geometry, being and is named “as 

snowflake divertor”. By adjusting currents in these three PF coils, the position of the X-points can 

be changed to satisfy the physical and engineering design requirement, such as increase the 

magnetic flux expansion at divertor target to reduce the heat load at target. By the standard 

definitions of snowflake divertor
[12,13]

, HL-2M can achieve the exact snowflake, snowflake-plus 

and snowflake-minus divertor configurations, which are shown in figure 3. The four divertor 

configurations will allow us to optimize the divertor design while keeping the same main design 

parameters (𝑅 = 1.78𝑚, 𝑎 = 0.62𝑚, 𝐼𝑃 = 2.0𝑀𝐴, 𝑘95 = 1.6, 𝑞95 = 3.0 𝑎𝑛𝑑𝛽𝑝 = 0.6) and current 

and pressure profiles. 

 

 
Figure 1. Standard divertor configuration. The filled blue boxes show the position of PF coils with 

the corresponding numbers. The long blue boxes at the far left represent the central solenoid (CS) 

coil.  
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Figure 2. The radial profiles of current and pressure. 

 

 

Figure 3. Snowflake divertor configurations: a)exact snowflake divertor configuration, 

b)snowflake-plus divertor configuration, c)snowflake-minus divertor configuration. 

 

3 Low 𝐵p area 

 

As the 𝐵p null is of second order for snowflake divertor configuration, it yields a larger area of 

low 𝐵p zone surrounding the two X-points
[13]

. For quantitative analysis of the effect of poloidal 

field 𝐵p on different divertor configurations around the X-point, a set of HL-2M tokomak 

tokamak equilibrium configurations shown in figure 3 are compared. The area for small 𝐵p 

around the X-point is measured by 𝐹𝑃, which is 𝐹𝑃 = 𝐵p ∕ 𝐵p−mid; 𝐵p−mid is the poloidal field 

strength at the outside mid-plane. The FP value around X-points for four divertor configurations 

is shown in figure 4. Since the Bp−mid value is the same for the four divertor configurations, 

small 𝐹𝑃  values mean low 𝐵p  around X-point, and 𝐹𝑃  decreases when approaching the 

X-points. 𝐹𝑃 < 0.1 is considered as a low field zone. Snowflake divertors have a large low 𝐵p 

zone surrounding the two X-points, and the shape of the low 𝐵p area will change according to the 

position of the two X-points. As shown in figure 4, the area of low 𝐵p zone for three snowflake 

divertor configurations is almost the same and is three times larger than that for standard divertor 

configuration when 𝐹𝑃 < 0.1. The area of standard divertor shrinks faster than that of snowflake 

with 𝐹𝑃 decrease. When 𝐹𝑃 < 0.03, the area of standard divertor become very small, which is 



less than 10% of that for snowflake divertor.  

 

 

Figure 4. Low 𝐵𝑝 area around X-points; a)standard divertor configuration, b)exact snowflake 

divertor configuration, c)snowflake-plus divertor configuration, d)snowflake-minus divertor 

configuration. 

 

As the particles and energy flow into low 𝐵𝑝 zone along the magnetic field line, the ratio of the 

plasma pressure to the pressure of the poloidal magnetic field, β
p
 will increase rapidly and will 

become 100 times to 1000 times larger than that at outside mid-plane with 𝐹𝑃 = 0.1 and 

𝐹𝑃 = 0.03. So for snowflake divertor, it will form a larger zone with high local β
p
 that is 

expected to lead to the onset of fast convective heat transport
[14-17]

. Fast convective heat transport 

around the low 𝐵p can increase power sharing among divertor legs and broaden the heat load 

profile on divertor target plates, especially during an ELM bursts. HL-2M snowflake divertor 

configuration design should be able to take the advantage of the large convective heat transport to 

optimize the low 𝐵𝑝 area round the two X-points to reducing the heat load at target with different 

operation parameters. 



 

4 Connection length 

 

The connection length is a measure of the residence time of the particles in the SOL, which is 

defined as the length of a magnetic field line from the middle mid-plane to the target. Increasing 

the connection length will lead to a relatively larger divertor volume available for radiation and a 

significant broadening of the heat flux profile on the target due to cross field heat and particle 

transport. Although the plasma, due to the anomalous cross-field diffusion, may not follow the 

flux surfaces on its way to the target, the connection length remains a convenient parameter that 

allows, in particular, to evaluate the magnitude of the anomalous transport needed for the power 

sharing between multiple divertor legs. So Generally, increasing increased connection length is 

one of feasible methodsshould be helpful to for mitigate mitigating the heat load at target, 

especially during edge-localized modes (ELMs). As shown above, snowflake divertor has larger 

low 𝐵p area than that in a standard divertor configuration, which results in a longer connection 

length. Here the connection length for a segment of magnetic line is calculated by 𝐵 𝐵⁄
𝑝 ∗ 𝐿𝑝𝑜𝑙, 

𝐵 is the magnetic flied strength, 𝐿𝑝𝑜𝑙 is the poloidal length of the segment. Connection length is 

calculated from the outside mid-plane to the position which is the closest to the primary X-point 

along the magnetic field line. Figure 5 shows the radial profiles of connection length at outside 

mid-plane for various divertor configurations: standard divertor (black), snowflake-plus (red), and 

snowflake-minus (blue). Owing to the large area of low field zone, the snowflake-plus and 

snowflake-minus configurations have almost the same connection length at the positions close to 

separatrix, which is 50%-80% longer than that of standard divertor. Because of the peak heat load 

is typically near separatrix, so longer connection length will help to mitigate the peak heat load at 

target for snowflake divertor configurations. 

 

Figure 5. The radial profiles of connection length at outside mid-plane for various divertor 

configurations: standard divertor (black), snowflake-plus (red), and snowflake-minus (blue). 

 

 

5 Target plate 

 

If the target plate is normal to the poloidal field vector at the strike point, the field lines form an 



angle γ ≈ 𝐵𝑝/𝐵𝑡 = 𝐹𝑡 with this plate. One can further reduce the intersection angle by tilting the 

plate in the poloidal plane, so that the poloidal field will form some angle 𝛼 <  𝜋/2 with the 

plate. In this case the field lines will intersect the plate at an angle 𝛾≈  𝐹𝑡𝑠𝑖𝑛 𝛼. Smaller α means 

a larger wetted area, so that decreasing 𝛼 seems to be an efficient way of decreasing the heat flux. 

However, engineering constraints may limit the value of 𝛾 from below
[11,13,18]

, by some minimum 

value 𝛾𝑚𝑖𝑛 determined by the achievable flatness of the plate. If 𝛾𝑚𝑖𝑛 is too small, the shadows 

and hot spots will may appear on the plate, leading to uncontrolled damage. Typically, γmin is 

assumed to be 1/50 of a radian (roughly 1 degree). A corollary is that it is not particularly 

desirable to make the parameter 𝐹𝑡 at the strike point less than 1/50. The 𝐹𝑡 value around 

X-point for four kinds divertor configurations are calculated and shown in figure 6. Two X-points 

are included in the 𝐹𝑡 < 1/50 zone for snowflake divertor, and the target should not be place 

between two X-points, even if 𝛼 =  𝜋/2. So we can place the target between two X-points by 

increasing the 𝐹𝑡 value with larger two X-point distance or place the target below the second 

X-point with 𝐹𝑡 > 1/50, then optimize the target geometry with 𝐹𝑡 value to increase the wetted 

area and particles recycling. 

 

 

 



Figure 6. 𝐹𝑡 value around X-point; a) standard divertor configuration, b)exact snowflake divertor 

configuration, c)snowflake-plus divertor configuration, d)snowflake-minus divertor configuration. 

 

6 Magnetic shear 

 

Stronger shearing of the magnetic field generally leads to stronger stabilization of ideal MHD 

modes. Therefore we expect to have a stronger magnetic shear to improve the MHD stability in 

the edge, in particular during ELMs. Snowflake divertor has a larger low 𝐵p area around the 

X-points compared to the standard divertor, which results in stronger magnetic shear around the 

X-point, and even change the magnetic shear near pedestal zone
[17,19,20]

. Based on a set of HL-2M 

tokomak equilibrium configurations shown above,𝑑X = 15𝑐𝑚 with the distance 𝑑𝑋 between the 

two X-points 𝑑X = 15𝑐𝑚 for both snowflake-plus and snowflake-minus,, 𝑑𝑋 is the distance 

between the two X-points. The the safety factor (𝑞) profiles and integrated magnetic shear value 

profiles 𝑠 =
𝑟

q

𝑑𝑞

𝑑𝑟
 are shown in figure 7 and figure 8, which show that snowflake divertor 

configurations have larger 𝑞 value and integrated magnetic shear value than standard divertor 

configuration at boundary zone with the same 𝑞95 = 3.0, especially the exact snowflake divertor 

and snowflake-minus divertor configurations.  
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Figure 7. 𝑞 value. 
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                  Figure 8. Integrated magnetic shear value. 

 

The poloidal profiles of the local magnetic shear inside the separatrix also is investigated, the local 

magnetic shear 𝑠 is: 𝑠 =
𝑅𝐵𝑝

𝐵𝑡

𝑑𝜈

𝑑𝑟
, 𝑣 =

𝑟𝐵𝑡

𝑅𝐵𝑝
, where 𝑣(𝛹, 𝜃) is local pitch and its flux surface 

average yields safety factor 𝑞(𝛹)=< 𝑣(𝛹, 𝜃) >sur. 𝛹 is normalized poloidal flux changing 

from 0 at the magnetic axis to 1 at separatrix. The maximum pressure gradient is at 𝛹 = 0.97 for 

the four divertor configurations. The poloidal profiles of the local magnetic shear at 𝛹 = 0.97 is 

shown in figure 9. Along the poloidal direction, the local magnetic shear of snowflake divertor 

around the primary X-point zone is much larger than that of standard divertor, which is expected 

to have stronger stabilization effect on ideal MHD modes. The difference of local magnetic shear 

at 𝛹 less than 0.95 between snowflake and standard divertor will become smaller, that means that 

the snowflake divertor only has significant effects on the local magnetic shear near the bottom of 

pedestal zone with 0.95 < 𝛹 < 1.0. Furthermore, the three snowflake divertor configurations 

shown in figure 4 have almost the same local magnetic shear, and the difference of local magnetic 

field around primary X-point zone will becomes obviously only when 0.99 < 𝛹 < 1.0. The local 

magnetic field shear at outside mid-plane are is shown in figure 10. At outside mid-plane, local 

magnetic shear of exact snowflake divertor is about 10% larger than that of standard divertor at 

0.95 < 𝛹 < 1.0, which may lead to reduce growth rate and narrower radial mode structures for 

peeling-ballooning mode
[19,20]

. A two-fluid three-field MHD model has been used to study the 

peeling-ballooning (P-B) stability properties in snowflake-plus and standard divertor 

configurations for DIII-D configuration
[19]

. The results show that the larger magnetic shear around 

the X-point in snowflake-plus divertor suppresses the P-B modes in divertor zone, while the 

smaller magnetic shear at outer mid-plane causes higher growth rate and broader radial mode 

structure. Therefore the sensitivity of the linear behaviors of P-B modes on the small changes of 

the local magnetic shear at the outer mid-plane imposes important design constraints of advanced 

divertors on the tokamak. The second X-point of snowflake-minus divertor is more close to the 

outside mid-plane, which may cause its local magnetic shear in the mid-plane increases fast at 

0.95 < 𝛹 < 1.0. 

 

 

Figure 9. Local magnetic shear profiles at 𝛹 = 0.97. 



 

Figure 10. The radial profiles of the local magnetic field shear at outside mid-plane. 

 

ELMs are caused by ideal MHD peeling-ballooning instability driven by edge gradients and 

stabilized by the shear. So the increased shear of HL-2M snowflake divertor may have important 

implications for ELMs. For stronger shear one can maintain an ELM-free regime with larger edge 

gradients, which means HL-2M can operate under higher edge pedestal pressure and better overall 

performance with snowflake divertor configuration. 

 

7 Distance between two X-points 

 

HL-2M magnetic field coils design shows that the poloidal magnetic field from central solenoid 

(CS) coil will partly enter the plasma zone, and will affect the configuration by forcing the 

configuration to move outward and X-point position to move up. By taking the advantage of the 

poloidal magnetic field from CS coil and adjusting the PF coils current values, the configurations 

of different plasma current with the same current and pressure profiles are calculated and shown in 

figure 11. When 𝐼𝑃 = 2𝑀𝐴, it is a snowflake-minus divertor configuration that has the large low 

𝐵𝑝 area with 𝐹𝑝 ≤ 0.1, which contains the two X-points with 𝑑𝑋 = 15𝑐𝑚. But if 𝐼𝑃 = 1.5𝑀𝐴, 

the primary X-point is forced to move up and generated the second X-point with 𝑑𝑋 = 30𝑐𝑚, and 

the areas with 𝐹𝑝 ≤ 0.1 zone are just around the two X-points with small an area which is much 

smaller than the case 𝐼𝑃 = 2𝑀𝐴. The parameter 𝑑𝑋 will be increasing increase with 𝐼𝑃 reduces 

decreasing for HL-2M. At large distance between the two X-points, the effect of the second 

X-point on the field structure at the primary one decreases and the configuration eventually loses 

the features of a snowflake divertor, becomes just that of the two separate X-points. On the other 

hand, the emerging configuration is different from a prototypical X-divertor
[10]

 or conceptually 

similar cusp divertor
[9]

 that relies on the use of specially arranged coils near the strike point. So, 

we suggest to call a configuration with a long divertor leg and three outgoing branches of the 

separatrix a “tripod configuration”. 

 



 

 
Figure 11. The configurations of different plasma current; a)𝐼𝑃 = 2𝑀𝐴 snowflake-minus divertor 

configuration, b)𝐼𝑃 = 1.5𝑀𝐴, c)𝐼𝑃 = 1.2𝑀𝐴, d)𝐼𝑃 = 0.9𝑀𝐴. We call configurations b-d the 

“tripod” configurations; they have also some attributes of a cusp and X-divertor configurations. 

 

8 Discussion  

 

Based on the four different divertor configurations of HL-2M with the same main plasma 

parameters calculated by CORSICA code, potential properties of these divertors are analyzed. The 

results show that snowflake divertor configurations have larger low 𝐵𝑝 area around the primary  

X-point in at the edge of snowflake divertor, it may reduce the heat load at target plate by fast 

convective heat transport around the low 𝐵𝑝 zone with higher β
p
, larger plasma-wetted area and 

longer connection length to broaden or share the heat load profile at targets, especially when an 

ELM event happens. But the maximum wetted area will be limited with engineering constrain by 

𝛾𝑚𝑖𝑛, so we should optimize target geometry according to the 𝐹𝑡 value by adjusting the position 

of the two X-points. The stronger magnetic shear of HL-2M snowflake divertors also may be 

beneficial for the magneto-hydrodynamic instabilities in the edge to improve core plasma 



confinements. At last, a new divertor configuration called tripod divertor is generated by adjusting 

the magnetic coil currents, which has a longer divertor leg and magnetic connection length with 

larger distance between the two X-points, and a broadened magnetic flux with the second X-point 

near the divertor target plate.  
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